Background-Drug-eluting stents (DES) reduce the need for repeat revascularization, but their long-term safety relative to that of bare-metal stents (BMS) in general use remains uncertain. We sought to compare the clinical outcome of patients treated with DES with that of BMS. Methods and Results-All adults undergoing percutaneous coronary intervention with stenting between April 1, 2003, and September 30, 2004, at non-US government hospitals in Massachusetts were identified from a mandatory state database. Patients were classified from the index admission according to stent types used. Clinical and procedural risk factors were collected prospectively. Risk-adjusted mortality, myocardial infarction, and revascularization rate differences (DESϪBMS) were estimated through propensity score matching without replacement. A total of 11 556 patients were treated with DES, and 6237 were treated with BMS, with unadjusted 2-year mortality rates of 7.0% and 12.6%, respectively (PϽ0.0001). In 5549 DES patients matched to 5549 BMS patients, 2-year risk-adjusted mortality rates were 9.8% and 12.0%, respectively (Pϭ0.0002), whereas the respective rates for myocardial infarction and target-vessel revascularization were 8.3% versus 10.3% (Pϭ0.0005) and 11.0% versus 16.8% (PϽ0.0001). Conclusions-DES treatment was associated with lower rates of mortality, myocardial infarction, and target-vessel revascularization than BMS treatment in similar patients in a matched population-based study. Comprehensive follow-up in this inclusive population is warranted to identify whether similar safety and efficacy remain beyond 2 years.
T he adoption of drug-eluting stents (DES) for percutaneous coronary intervention (PCI) has been based on randomized trials that have demonstrated significantly lower rates of recurrent stenosis than with uncoated or "bare-metal" stents (BMS). 1, 2 Pooled data from randomized trials have shown similar rates of myocardial infarction (MI) and mortality between the treatments in extended follow-up, 3 but some observational studies have raised the concern that beyond the first year of treatment, drugeluting stenting may be associated with higher rates of thrombosis 4 and mortality. 5 Randomized studies designed to evaluate DES have had limited power to detect small differences in mortality 6 and have been limited to a less complex patient population than those currently treated in the general population. 7, 8 In contrast, observational studies have been larger and more inclusive but may have been limited by completeness of follow-up and control of selection bias.
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We have recently described lower rates of recurrent MI and mortality associated with DES in the setting of stenting for MI in a regional population-based study. 9 We sought to evaluate the complete patient population treated in Massachusetts with PCI to determine whether stent choice was associated with MI and mortality overall. Because stent choice was not randomized, we used a propensity scorematched analysis to minimize bias.
Methods

Study Population
All adults (18 years of age or older) undergoing PCI with stenting for any indication between April 1, 2003, and September 30, 2004 , at all acute-care, non-US government hospitals in Massachusetts were included. Because data are used to assess the quality of all cardiac surgeries and coronary procedures as required by the Massachusetts Department of Public Health, no patient consent was required. Study procedures, study investigators, and data security procedures are reviewed annually by the Harvard Medical School Internal Review Board. Subjects were excluded if they were not Massachusetts residents at the time of the procedure or if they could not be linked to hospital discharge billing data (see below).
Data Sources
We used clinical data submitted to a data coordinating center (Mass-DAC) located in Harvard Medical School. Data are collected prospectively by trained hospital personnel who use the American College of Cardiology's National Cardiovascular Data Registry's instrument (http://www.accncdr.com/WebNCDR/Common) for PCI and the Society of Thoracic Surgeons' National Adult Cardiac Database instrument (www.sts.org/sections/stsnationaldatabase) for cardiac surgery, with detailed supplemental patient and operator identifying information collected for quality assessment. 10 
Treatment Groups
According to the stent types used from the index admission, defined as the first admission during the present observational period, patients were assigned to 1 of 3 groups: (1) DES if all stents used during the index admission were drug eluting; (2) BMS if all stents were bare metal; and (3) "both" if both types of stents were used.
Primary Outcome
We defined death from any cause within 2 years of the index procedure as the primary outcome. The Massachusetts Registry of Vital Records and Statistics included 2-year mortality data for all study participants at the time of analysis. We used the Social Security Death Index Interactive Search to confirm death dates and mortality status.
Secondary Outcomes
MI was determined from the mandatory recording of in-hospital events in the Mass-DAC database (admission or postprocedure) or from the occurrence of any subsequent hospital admission with an International Classification of Diseases, 9th Revision principal diagnosis code of 410.x1 in the hospital discharge billing data. Target-vessel revascularization was defined as PCI performed in a vessel treated during the index procedure or any CABG procedure performed after the index procedure.
Statistical Analysis
We first developed a list of confounders that included patient demographic factors, insurance status, history and risk factors, cardiac status of the patient, catheterization laboratory medications, and diagnostic findings, as well as lesion characteristics and patientspecific lesion-based variables: maximum percent diameter stenosis, any high-risk lesion, any restenotic lesion, and any use of embolectomy or atherectomy. Because some hospitals in Massachusetts are pilot programs that perform only primary angioplasty, without surgery on site, we also included a variable that indicated whether the patient underwent the PCI in a pilot program. Some confounders (neoplasm, gastrointestinal bleeding) that were not collected in the National Cardiovascular Data Registry instrument were created by linking patients to the hospital discharge billing data and identifying relevant International Classification of Diseases, 9th Revision, Clinical Modification codes in the index admission. 9
Creation of Treatment Groups
Propensity score matching is a method of adjusting for observed characteristics of patients nonrandomly assigned to differing treatments. 11 Because patients were not randomized to receive a DES, we performed a 1-to-1 matched analysis without replacement on the basis of the estimated propensity score of each patient. The log-odds of the probability that a patient received a DES was modeled as a function of the confounders we identified. Using the estimated logits, we first randomly selected a DES patient and then matched the DES patient to the "closest" BMS patient. BMS patients who had an estimated logit within 0.6 SDs of the selected DES patients were eligible for matching. We selected 0.6 because this value has been shown to eliminate Ϸ90% of the bias in observed confounders. 12 We assessed the success of the matches by examining standardized differences in the observed confounders between the matched DES and BMS groups. Small (Ͻ10%) differences support the assumption of balance between treatment groups. 13
Analysis of Primary Outcome
Using the matched pairs, we conducted paired t tests to determine whether mortality, MI, and revascularization were different between DES and BMS patients. Estimates of the adjusted differences in risks are presented with 95% CIs of the difference. All probability values presented are 2-sided.
Sensitivity Analysis
Because matching on the propensity score cannot be expected to balance unobserved confounders that are not related to observed confounders, we undertook several sensitivity analyses. First, we examined differences in mortality between DES and BMS patients 2 days after stent placement. If this difference was clinically large, it would indicate the presence of unmeasured confounders, because such an early benefit would be unlikely. Second, we compared DES and BMS outcomes after adjusting for changes in selection over time (online-only Data Supplement). Third, we performed an analysis of patients matched after excluding those who presented with acute MI. Finally, we estimated the degree of residual confounding that would alter the conclusions of the present study (online-only Data Supplement).
Dr Normand had full access to the data; Drs Mauri and Normand take full responsibility for the integrity of the data analysis. All authors have read and agree to the manuscript as written.
Results
Characteristics of the Patients and Lesions
Between April 1, 2003, and September 30, 2004, 21 045 patients received PCI with stenting in Massachusetts performed by 138 operators at 21 hospitals ( Figure 1 ). We excluded from the primary analysis patients who were not residents of Massachusetts or were not linkable to hospital discharge data and Mass-DAC data, as well as patients who were treated with a combination of DES and BMS. This yielded a cohort of 17 793 adults, 11 556 (65%) of whom were treated with DES and 6237 (35%) of whom were treated with BMS. Of patients treated with DES, 8403 (72.7%) received sirolimus-eluting stents only, 2961 (25.6%) received paclitaxel-eluting stents only, and 192 (1.7%) received both types. Rates of DES use increased over the course of the study from 17% to 92% (Figure 2 ).
Clinical and procedural characteristics differed significantly between patients treated with DES and BMS (Tables 1 and 2) . Patients with diabetes mellitus, hyperlipidemia, or hypertension and those with a history of prior PCI were more likely to be treated with DES. In contrast, older patients, smokers, and patients with MI, a history of chronic lung disease, chronic renal insufficiency, cerebrovascular or peripheral vascular disease, neoplasm, or gastrointestinal bleeding were more likely to be treated with BMS. Overall, patients treated with DES received more stents and had more lesions treated than patients with BMS. Patients treated with both BMS and DES were not included in the BMS or DES groups and had more complex procedures than those treated with DES or BMS, with an overall greater number of lesions and vessels treated.
Unadjusted Clinical Outcomes
Unadjusted mortality, MI, and target-vessel revascularization rates were higher for BMS than for DES at 2 years (onlineonly Data Supplement Table I ). The unadjusted rates of adverse events for patients treated with a combination of BMS and DES were intermediate between results for either stent type alone for mortality and MI at 2 years (10.8% and 8.7%) and were higher for target-vessel revascularization (34.6%).
Propensity Score Model
The propensity score model included 63 variables and had an area under the receiver operating characteristic curve of 0.67. Matching by propensity score yielded 5549 DES-treated patients matched to 5549 BMS-treated patients. Standardized differences were less than 10% (Tables 3 and 4 ; Figure 3 ), with the exception of acute coronary syndrome within 6 hours of hospital arrival (percent standardized difference 11.7%), emergency or salvage procedure indication (percent standardized difference 10.9%), and glycoprotein IIb/IIIa pretreatment (percent standardized difference 10.5%), all of which were slightly more common in the DES group, and an elective procedure indication (percent standardized difference Ϫ12.1%), which was slightly more common in the BMS group.
Mortality Rate Differences Between DES and BMS
After propensity score matching, DES were associated with lower mortality than BMS at 2 years (Ϫ2.1% [Ϫ3.3% to Ϫ1.0%], Pϭ0.0002; Table 5 ; Figure 4A ).
MI Rate Differences Between DES and BMS
In the propensity-matched sample, the rate of MI was lower in DES patients than in BMS patients at 2 years (Ϫ1.9% [Ϫ3.0% to Ϫ0.8%], Pϭ0.0005; Table 5 ; Figure 4B ).
Revascularization Rate Differences Between DES and BMS
In the propensity-matched sample, rates of revascularization were lower for DES use at 1 year than for BMS use (Ϫ6.2% [Ϫ7.4% to Ϫ5.1%], PϽ0.0001; Table 5 ; Figure 4C ). A similar absolute difference was preserved at 2 years.
Sensitivity Analyses
Examination of the magnitude of difference in mortality 2 days after stent placement between the matched pairs showed Overall, the rate of DES use was 65%, and the rate of BMS use was 35%, but this ranged from 83% BMS use at study initiation to 92% DES use by the end of the study enrollment period. a small absolute difference of 0.23% (0.45% versus 0.68%, respectively, DES versus BMS; Pϭ0.10). Diffusion of DES was rapid in Massachusetts ( Figure 2 ). Analysis that adjusted for the interaction between time and selection of stent type gave results comparing DES and BMS that were consistent with the primary analysis (online-only Data Supplement  Table II 
Discussion
We examined patients from a regional contemporary US practice with mandatory reporting to compare long-term outcomes after DES or BMS placement. Our primary goal was to evaluate whether DES were associated with increased rates of MI and mortality in long-term follow-up; however, we observed small absolute differences in MI and mortality in favor of DES. Repeat revascularization procedures were also lower.
To date, randomized, controlled trials of approved DES versus BMS have not shown significant differences in death or MI in long-term follow-up. 3 Although the chief strength of such randomized comparisons is elimination of selection bias, these studies have been limited by power and generalizability to everyday practice. 7, 8 Some pooled randomized trials have shown a lower rate of recurrent MI for a certain DES versus BMS. 14 Observational studies have had contradictory findings to date; 5, 15 such studies require more sophisticated methods than randomized studies to minimize bias but may offer improved power and greater generalizability. 16 We captured all PCIs performed in Massachusetts over an 18month period and included a wide range of hospitals and operators (academic, nonacademic, with and without surgical backup, lower-and higher-volume centers) and a wide variety of procedure types (elective and emergent procedures, low and high lesion complexity). Because all PCI procedures in Massachusetts are subject to prospective mandatory reporting of patient and procedural characteristics and outcomes, this is a powerful and reliable cohort.
The present study differed in several important ways from other population-based comparisons of DES and BMS. In contrast to populations in which DES use may be restricted geographically, financially, or according to patient risk, 5, 15 the present US study reflected a majority of DES use overall (65%). As a result, the present DES sample represents a broader patient population.
To avoid bias due to differential follow-up, we restricted the present analysis to those patients who had complete follow-up at a fixed time point (2 years). Although we had substantially longer follow-up in a subset of patients, we limited the present analysis to a fixed time point to avoid inference on an incomplete sample and to avoid changing conclusions as greater follow-up accrues. 17 One mechanism to explain the reductions in MI and mortality that we observed in patients treated with DES may be that prevention of repeat revascularization in a patient population of higher complexity resulted in a reduction in clinical complications of these procedures. 19, 20 This result was observed despite an absolute difference in target-vessel revascularization lower than reported in randomized controlled trials, in which surveillance angiography was frequent, 1,2 but similar to rates recently reported in other US registries. 18 With respect to MI, we observed somewhat higher rates than other studies 5,15 because we included periprocedural MI.
Late stent thrombosis has been considered a potential mechanism for the increase in mortality in some studies of DES. 21 We did not have sufficient data to accurately estimate rates of late stent thrombosis. The present well-powered observational study would suggest that if a small difference in late stent thrombosis was present between DES and BMS, it was not readily detectable in a clinical end point (death or MI) because it represented a small proportion of these events. Given the relatively rare occurrence of stent thrombosis (Ͻ1% in the first year and rarer in later follow-up), 6 it would seem unlikely that these events would overtake the constant hazard of adverse events related to disease progression 22 beyond 2 years.
Because the choice of stent was not assigned randomly, we used propensity score matching to select a group of patients who were essentially similar according to all measured Values are percentages unless otherwise indicated. GP indicates glycoprotein.
baseline variables. Compared with other methods that use a propensity model to adjust for selection bias, a matched analysis is more likely to reduce power (by restricting the sample to closely matched patients) but has the advantage of more reliably reducing selection bias (compared with regression-based propensity analysis). We were afforded this opportunity because the density of DES and BMS procedures performed in Massachusetts was high (Ͼ14 000 PCI proce- dures per year per 6 million adults) and because the patterns of use of DES and BMS in the present study spanned both low-and high-risk patients. We confirmed that the matched patients were similar with regard to each of 63 baseline variables, and with this degree of similarity, matching of unmeasured confounders is expected 23 ; however, we acknowledge the possibility of residual confounding. This was estimated to be small, as measured by the 2-day mortality difference. Some sources of residual bias include varying completion of revascularization, limited ability to adjust for angiographic characteristics (lesion length and vessel diameter were not available), and concomitant medical therapy. We collected information on use of and contraindications to dual-antiplatelet therapy with aspirin and thienopyridine because of its known relationships to mortality, MI, and stent thrombosis. 24 -26 Although we did not have pharmacy data to compare the duration of therapy and compliance in patients treated with DES and BMS, during the period under study, the existing cardiology society guidelines recommended a longer duration of thienopyridine therapy in patients with DES (3 to 6 months minimum) than in those with BMS (1 month minimum). 27 We cannot exclude the possibility that the longer use of thienopyridine treatment that is recommended with DES selection could have contributed to a mortality and MI benefit in favor of DES over BMS. Because the most recent national society recommendation is for 12 months of dual-antiplatelet therapy for DES, 28 the associated effect of dual-antiplatelet therapy with DES selection compared with BMS may increase in future studies. We combined patients treated with paclitaxel-eluting and sirolimus-eluting stents within the DES group. Differences in safety between DES remain controversial, and other population-based studies have not shown significant differences in mortality between these 2 stents. 29 In conclusion, in a large population-based study reflecting primarily DES use across a cohort with comprehensive follow-up after PCI, we found that DES were associated with lower mortality, MI, and target-vessel revascularization than BMS at 2 years of follow-up. Longer-term follow-up will be required to provide further reassurance of preserved safety in the broad patient population currently treated with these coronary devices.
